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INTRODUCTION

Parkinson’s Disease is a common progressive neurodegenerative disorder
characterized mainly by resting tremor, slowness of movement, rigidity and postural
instability (1), all the result of a severe loss of dopamine (DA) neurons in the substantia
nigra pars compacta (SNpc) and a dramatic loss of dopaminergic fibres in the caudate-
putamen (2). The prevelance of PD in North America alone is estimated at about
1,000,000 individuals with 50,000 newly diagnosed cases each year (1). The most potent
treatment for PD still remains the administration of a precursor of DA, levodopa (L-
DOPA), which replenishes the brain in DA, thus relieving almost all PD symptoms.
However, the chronic administration of L-DOPA brings its own set of baggage as it often
causes motor and psychiatric side effects which can be as debilitating as PD itself (3).
Therefore, without undermining the importance of L-DOPA for the control of PD
symptoms, it is urgent that we acquire a better and deeper understanding of the cause(s)
of PD not only to prevent the disease but also to develop therapies aimed at halting the
progression of the disease in those newly diagnosed patients who may not require the use
of L-DOPA during the early phases of PD. Of the varied theories as to the causes of PD,
the oxidative stress hypothesis is the most investigated theory. Consequently, of the
various models used in PD research, the MPTP model is by far the model of choice to
investigate the mechanisms involved in PD neurodegeneration (4). In human, non-human
primates, and in various mammalian species, MPTP causes a severe parkinsonian
syndrome that replicates almost all of the hallmarks of PD including tremor, rigidity,
slowness of movement, postural instability and freezing. Both the responses and the
complications to traditional PD medications are remarkably identical to those seen in PD.
Mounting evidence such as the production of reactive oxygen species like the superoxide
radical and nitric oxide (NO) following MPTP administration support this oxidative
stress hypothesis. Using transgenic mice that overexpress human copper/zinc superoxide
dismutase (SOD1), the enzyme responsible for ridding the cell of the superoxide radical
we demonstrated previously that the superoxide radical is indeed involved in the MPTP
neurotoxic process (5). The superoxide radical has also been shown to be increased in
various stroke models and in other neurodegenerative situations. Beckman et al (6, 7)
suggested that NO may be the other culprit involved in the oxidative stress hypothesis
and that the superoxide radical and NO, only modestly reactive by themselves, react with
each other to form the highly reactive, tissue damaging peroxynitrite, which severely
damages DNA, proteins, polypeptides, monoamines and enzymes (8). It is the nitric
oxide synthase (NOS) enzyme that produces NO. Three distinct isoforms of the NOS
enzyme exist. Neuronal NOS (nNOS) is the principle NOS isoform in the brain and is
constitively expressed throughout the central nervous system (9) whereas endothelial
NOS (eNOS) is found mainly in the endothelial layer of blood vessels and in very low
concentrations in the brain (9). The third isoform of NOS, inducible NOS (iNOS), is not
expressed at all or only minimally expressed in the brain (9). iNOS expression in the
brain has been shown to be increased in pathological conditions such as stroke, AIDS and
amyotrophic lateral sclerosis (10-12). In fact, iNOS expression has been demonstrated in
the substantia nigra pars compacta (SNpc) of post-mortem brain tissues from PD patients
(13) indicating that an inflammatory response may be part of the progressive nature of
PD. From previous experience, since we and others have found that nN 0OS knockout mice



are only partially protected against MPTP’s toxic effects (14), we surmised that other
NOS isoforms might indeed take part in MPTP-induced neurotoxicity. Therefore, based
on the above information, it seemed germaine to our investigations into the causes of PD,
to investigate the role of NO in the MPTP neurotoxic process.

STATEMENT OF WORK

Our overall long-term goal is the study of the pathogenesis of PD. To accomplish
this, work in this project centers around the roles of the superoxide radical and NO in the
MPTP neurotoxic process. The basis of our work is the oxidative stress hypothesis of PD
which supports free radical involvement in the generation and progression of this
debilitating disorder. Both the superoxide radical and NO are proposed as contributors to
DA neuron death here, however, each is only modestly reactive, but can combine to
produce peroxynitrite, which damages proteins, DNA, polypeptides, enzymes and
monoamines. Therefore, the overall objective of this project is to better understand the
actual cascade of events that take place within the DA neuron following MPTP
administration and which are ultimately responsible for the death of said neurons.

Research Plan

Specific Aim I: Determine the contribution of superoxide, NO or both to MPTP
neurotoxicity by administering MPTP to different lines of mice which are genetically
engineered to enhibit a greater capacity for detoxifying superoxide (transgenic
copper/zinc superoxide dismutase {SOD1} mice) and/or a lower neuronal capacity for
synthesizing NO (neuronal NO synthase {nNOS} knockout mice) and by assessing the
status of the nigrostriatal DA pathway in these different types of animals following
MPTP administration using high performance liquid chromatography (HPLC) and
immunostaining with quantitative morphology.

Specific AimII: Determine the contribution of inducible NOS (iNOS) to MPTP
neurotoxicity by assessing iNOS protein expression and enzyme activity in different
brain regions, at different time points and at different toxin concentrations in wild-type
mice following MPTP administration. MPTP will also be administered to mice deficient
in iNOS activity the status of their nigrostriatal DA pathway will be assessed by HPLC
and immunostaining with quantitative morphology.

Specific Aim III : Assess peroxynitrite effects on protein tyrosine residues following
MPTP administration by quantifying the two main products of peroxynitrite oxidation of
tyrosine, dityrosine and nitrotyrosine by gas chromatography with mass spectrometry.
Quantification will be performed in different brain regions, at different time points and at
different toxin concentrations in wild-type mice and in transgenic SOD1, iNOS and
nNOS knockout mice.

Specific Aim IV: Examine the potential biological consequences of protein tyrosine
nitration by assessing whether candidate proteins, mitochondrial electron transport chain
polypeptides and manganese superoxide dismutase (MnSOD) are nitrated. This will be
tested in PC-12 cells after exposure to different concentrations of and lengths of time of
peroxynitrate and MPTP’s active metabolite, MPP+ as well as in wild-type and in
transgenic SODI, iNOS and nNOS knockout mice after MPTP administration. Tyrosine
nitration will be ascertained by immunoprecipitation, Western blot analysis and amino



acid analysis. The catalytic activity of these enzymes in both PC-12 cells and in mice
experimemts will be done using spectrophotometric enzymatic assays.

RESEARCH ACCOMPLISHMENTS

Year One of the Award.

During year I of the award, we addressed Specific Aim II which was to determine the
source of NO in the SNpc following MPTP administration. Our major findings here were
that (1) MPTP produces a robust glial response. To demonstrate this robust glial
response, we used the macrophage antigen-1 (MAC-1) and glial fibrillary acidic protein
(GFAP) as markers to gauge the responses of microglia and astrocytes, respectively in the
SNpc of C57/bl mice following MPTP administration. In saline-treated mice, only faint
immunostaining for both MAC-1 and GFAP was observed. In the MPTP-treated animals,
however, a strong glial response was observed. Alterations in MAC-1 were evident as
early as 12 hours after the last dose of our acute MPTP regimen (18 mg/kg x 4 doses over
8 hours), peaked between 24 and 48 hours and was no different from saline-treated mice
at 7 days after MPTP administration. Conversely, GFAP changes were noted at 24 hours,
reached maximum increases between 4 and 7 days and remained above control even at 21
days after MPTP. Striatal responses for both antibodies were similar to those of the SNpc.
We noted that (2) MPTP stimulates iNOS expression in glial cells. In saline-treated
mice, whereas the number of iNOS-positive cells in the SNpc were rare to non-existent,
iNOS-positive cell numbers increased to 259% by 24 hours after MPTP treatment and
returned to control levels by 48 hours. Simultaneous staining techniques for iNOS and
MAC-1 or GFAP were used to determine the nature of these iNOS-positive cells.
Twenty-four hours after the last dose of MPTP at a time when the number of iNOS-
positive cells reached their peak in the SNpc, MAC-1-positive activated microglia
exhibited iNOS mmunoreactivity. No iNOS-positive staining was found in GFAP-
positive cells nor were they found in the striatum. Also noted was the fact that (3) INOS
mRNA levels and enzymatic activity increased dramatically after the acute regimen
of MPTP administration. Here, saline-treated ventral midbrain, which contains the
SNpc, showed very little iNOS mRNA, whereas iNOS mRNA levels in ventral midbrain
from MPTP-injected mice were detected as early as 12 hours ,reached maximum levels
by 48 hours and was undetectable at 4 days after our acute regimen of MPTP
administration. Striatal mRNA levels were low throughout the entire time course study.
In agreement with mRNA levels, iNOS enzyme activity increases were evident as early
as 12 hours after MPTP injections and peaked at 48 hours then slowly returned to control
activity by 7 days. iNOS striatal enzymatic activity like iNOS mRNA levels was
unaffected by MPTP throughout the entire time course. In this study, nNOS enzyme
activity was consistently higher than iNOS enzymatic activity as well as unchanged
following MPTP administration. Since MPTP does increase iNOS expression and does
up-regulate iNOS mRNA levels in normal wild-type mice after MPTP, absolute proof
that iNOS is indeed the primary source of NO in the MPTP neurotoxic process was
obtained using mice deficient in the iNOS enzyme. Administering the same regimen of
MPTP to iNOS knockout mice and examining the same time points, we found that while
29% of the tyrosine hydroxylase (TH)-positive neurons and 46% of the Nissl-stained
SNpc survived the toxic assault of MPTP in wild-type mice, about twice as many TH-
positive and Nissl-stained neurons in iNOS deficient mice survived the MPTP onslaught




indicating that (4) iNOS is indeed the source of MPTP-induced NO production.
Interestingly, striatal fibres in the iNOS deficient mice exhibited the same level of loss as
the MPTP-treated wild-type littermates. To make sure that the decreased loss of TH-
positive neurons in the iNOS deficient mice was not related to alterations in MPTP
uptake and metabolism due to the lack of the iNOS gene, we measured striatal MPTP and
MPP+ levels in our iNOS knockout mice compared to their wild-type littermates. We
observed (5) no differences in MPTP and MPP+ levels in striata were noted between
these two groups of mice. Finally, it is known that NO can damage DNA and nitrate the
tyrosine residues in the phenolic rings of proteins and that nitrotyrosine (NT) is the
indicator that NO has indeed reacted with the tyrosine residues of these proteins. In
MPTP-treated wild-type littermates following MPTP, a significant presence of NT was
noted in striatum and ventral midbrain. In contrast, in the iNOS deficient mice, whereas
NT did increase, these increases were significantly less than those observed in the wild-
type littermates. Thus, (6) iNOS deficient mice have much less NT following our acute
regimen of MPTP administration. This entire work was published in the journal Nature
Medicine in 1999 (Volume 5 (12), pp. 1403-1409 (see attached publication).

During the first year of this award, we also addressed the question put forth in Specific
Aim III, that of assessing peroxynitrite effects on protein tyrosine residues following
MPTP administration by quantifying the two main products of peroxynitrite oxidation of
tyrosine, dityrosine and nitrotyrosine using gas chromatography with mass spectrometry.

Analyses of oxidized amino acids were performed on freshly isolated tissues from ventral
midbrain which contains the SNpc, striatum, cerebellum and frontal cortex and the
compounds of interest had retention times that were identical to authentic 3-nitrotyrosine
(3-NT), ortho-tyrosine and o,0-dityrosine. In these studies we found that (1) 3-NT was
elevated in ventral midbrain and striatum of mice as early as 24 hours after MPTP
treatment. Levels of 3-NT in ventral midbrain (+110%) and striatum (+90%) were
markedly elevated following MPTP administration compared to saline-injected controls.
It was noted that the observed increases were selective for regions of the brain that are
susceptible to the neurotoxic effects of MPTP. Those regions that were not damaged by
MPTP, cerebellum and frontal cortex, showed no changes in 3-NT levels. That (2) o,0-
dityrosine was elevated in ventral midbrain (+120%) and striatum (+170%) 24
hours after our acute regimen of MPTP administration was also noted. These results
were strikingly similar to the increases found in 3-NT and were found only in those
regions of the brain that were affected by a toxic insult from MPTP. In contrast to the
changes in 3-NT and o,0-dityrosine found in ventral midbrain and striatum of these
MPTP-treated mice, (3) no changes in ortho-tyrosine were observed in any of the
analyzed brain regions. Since our theory is that the observed altered proteins were the
result of exposure to peroxynitrite, we exposed, in vitro, homogenates prepared from
ventral midbrain, striatum, cerebellum and frontal cortex to peroxynitrite, tyrosyl radical
and the hydroxyl radical (HO'). (4) Peroxynitrite exposure of the brain proteins for, 30
minuets caused both significant and similar increases in 3-NT (80 fold) in all brain
regions indicating that peroxynitrite does indeed damage brain proteins. Ortho-tyrosine
and o,0-dityrosine levels, however, increased only 2-3 fold. To generate the tyrosyl
radical, we used an in vitro myeloperoxidase-tyrosine-H,O, generation system, then
exposed the various brain region homogenates to the generated tyrosyl radical. (S) The




major product of this reaction was 0,0-dityrosine and all homogenates from the
different brain regions exhibited similar increases in this compound. There were no
changes in 3-NT or in ortho-tyrosine in any region. Recent evidence suggests that the
myeloperoxidase-H,O; system will convert tyrosine into 3-NT in a reaction that requires
nitrite, a degradation product of NO. Addition of nitrite to this system caused the
appearance of 3-NT levels that were similar to those 3-NT levels found in mice following
MPTP administration. To complete our studies here, we exposed our brain region
homogenates to a HO'-generating system that contained copper and H,0,, In this system,
(6) while levels of 3-NT remained unchanged, levels of ortho-tyrosine and o,0-
dityrosine increased significantly with ortho-tyrosine levels being 10-fold higher
than those of o,0-dityrosine. All three compounds can be considered markers of proteins
damaged by exposure to NO in its various forms. This study was published in 1999 in the
Journal of Biological Chemistry, Volume 274, pp. 34621-34628.

Year Two of the Award

During year II of this award, since endothelial NOS (eNOS) is an isoform of the NOS
enzyme, as part of Specific Aim I, we assessed the contribution of this isoform of NOS to
the production of NO in the MPTP neurotoxic process. Our reasoning was that since the
single main determining factor of the MPTP neurotoxic process is its conversion to
MPP+ in glial cells in the brain, the absence of the eNOS gene could affect striatal blood
flow thus compromising striatal MPP+ levels and the MPTP neurotoxic insult itself. For
these studies, eNOS deficient mice and in C57/bl mice from Charles River Laboratories
were given our acute regimen of MPTP (18mg/kg, i. p.) or saline at 2 h intervals and
sacrificed at selected time points after the last injection. Brains were quickly removed and
striatum, ventral midbrain, frontal cortex and cerebellum were dissected out, frozen on
dry ice and stored at -80°C for Western blot analyses and monoamine and striatal MPP+
levels. Mice treated similarly were also sacrificed for fresh-frozen and perfused brains. 1)
Analysis of striata from eNOS deficient mice and their wild-type littermates
revealed no significant differences in MPP+ levels between the two groups of mice.
Examination of ventral midbrain tissue optical density for Western blot analyses from
eNOS deficient control, saline and MPTP-treated mice 2) showed a specific band at 135
kDa indicating eNOS expression and that at no time during the time course study
0, 1, 2, 4, 7 days after MPTP administration) did MPTP alter eNOS protein
expression levels. Total mRNA was extracted from ventral midbrain from saline and
MPTP-injected mice at the same time points as before for RT-PCR amplification and
quantification of eNOS and GAPDH. Following amplification, electrophoresis, and
exposure to radioactivity, quantification by optical density 3) showed that the
expression of eNOS mRNA remained unchanged throughout the entire MPTP time
course. To determine whether any change in eNOS immunostaining occurred in the
SNPc, we performed immunohistochemistry for eNOS. 4) In saline-injected mice, there
was a dense network of eNOS positive blood vessels. Positive immunostaining
showed a homogenious distribution of blood vessels of varying sizes over the entire
midbrain. No alternation in eNOS intensity of staining was seen in the midbrain
after MPTP intoxication. In striatal sections, eNOS immunostaining was not as
intense as in the midbrain. Also, no differences in eNOS immunoreactivity were
noted among saline-injected and MPTP-treated mice at any timepoint. Results for



NADPH histochemistry were similar to eNOS immunohistochemistry. In any
experiment involving MPTP, it is necessary to count the total number of TH-positive
neurons that remain following the MPTP toxic insult. In this case, the total numbers of
TH-positive and Nissl-stained neurons in the SNpc were counted using stereology. TH-
and Nissl-stained neurons were counted in the right SNpc of every fourth section
throughout the entire extent of the SNpc. 5) In wild-type and eNOS deficient mice,
there was a large number of TH- positive cell bodies intermingled with a dense
network of TH-positive fibers within the SNpc and there was no significant
difference in the number of neurons between the two groups of saline-injected
controls. In wild-type mice, 37 % of the SNpc neurons and 62% of the Nissl-stained
SNpc neurons survived at 7 days after the 18 mg/kg acute MPTP regimen; the loss
of both TH and Nissl-stained neurons in the eNOS deficient group was not
statistically different from the wild-type group following MPTP dministration. Thus,
our conclusion from these experiments was that while nNOS and iNOS both played a role
in the MPTP neurotoxic process, eNOS has no such role.

Since we have demonstrated that nNOS and iNOS are both involved in the MPTP
neurotoxic process, that we can partially block the NOS enzyme with 7-nitroindazole,
and that iNOS is the principal here, a logical extension of Specific Aim 1I would be the
pharmacological blockade of iNOS upregulation. For this, we used minocycline a
second-generation semi-synthetic tetracycline antibiotic, that is a potent inhibitor of
microglial activation independent of any anti-microbial action. Its effectiveness as a
neuroprotective agent was demonstrated againat experimental brain ischaemia and
disease progression in the R6/2 mouse model of Huntington’s disease. In the MPTP
mouse model pf PD, minocycline (1) attenuated MPTP-induced SNpc dopaminergic
neurodegeneration. Varying doses of minocycline 1.4-45 mg/kg x 2 daily) effectively
increased significantly the number of surviving TH-positive neurons in the SNpc of mice
given our acute regimen of MPTP (18 mg/kg x 4 doses over 8 hours). This protection was
dose dependent in that while neuroprotection was not seen with 1.4 mg x 2 daily dosing,
slight neuroprotection was seen with 5.625 mg/kg x 2 daily dosing and maximal
protection (50%) occurred at 11.25 mg/kg x 2 daily and higher. Sparing of SNpc
dopaminergic neurons does not always correlate with the sparing of their corresponding
fibres which are essential for maintaining dopaminergic neurotransmission. Thus, we
examined the striatal fibres for a neuroprotective effect using both the 18mg/kg and the
16 mg/kg acute dosing regimen dosage of MPTP and the varying doses of minocycline.
We found that whereas minocycline offered striatal fibres no protection against the
higher dose of MPTP, it did protect these fibres against the 16 mg/kg dose of MPTP.
A significant part of the MPTP neurotoxic process is mediated by NO-related oxidative
damage the extent of which can be evaluated by assessing nitrityrosine formation. As
before, we found that nitrotyrosine levels were significantly increased in ventral midbrain
following MPTP administration. We also noted that these increases in nitrotyrosine levels
were significantly smaller when minocycline in the presence of minocycline. Thus, 2) in
the presence of minocycline, MPTP-induced nitrotyrosine level increases were
significantly smaller than in the non-minocycline-treated mice. One can not establish
with certainty that a compound is neuroprotective unless one demonstrates that the
metabolism of the offending agent is not interfered with at any time along its metabolic




pathway. In comparing striata from MPTP only with MPTP-minocycline treated mice, 3)
90 mins after MPTP administration, results showed that striatal levels of MPP+
were not different between these two groups of mice. In experimental brain ischaemia,
the neuroprotective effect of minocycline is reported to be due to its inhibition of
microglial activation and proliferation. Part of the MPTP neurotoxic insult is a microglial
response. Thus, we examined whether the neuroprotection afforded to SNpc
dopaminergic neurons in the MPTP mouse model by minocycline is due to its inhibition
of microglia activation. Mice were treated as per usual with the 18 mg/kg acute regimen
of MPTP only or in combination with minocycline (45 mg/kg x 2 daily). As in previous
experiments, MPTP alone elicited a robust microglial activation and a significant GFAP
upregulation in the ventral midbrain 24 hours after the last injection. In mice treated with
the minocycline-MPTP combination, 4) although GFAP mRNA and immunostaining
in the ventral midbrain and striatum remained as high and as intense as the MPTP
only group, ventral midbrain MAC-1 immunostaining was similar to saline injected
control mice. Since minocycline attenuated the MPTP-induced microglial activation, we
theorized that it should attenuate the production of some of the noxious mediators known
to result from microglial activation. We found 5) that the pro-inflammatory cytokine
interleukin-18eta (IL-18) was indeed increased significantly following MPTP
administration and that minocycline (45mg/kg x 2 daily) sigmificantly reduced this
increase. Furthermore, the MPTP-induced upregulation of iNOS and NADPH
oxidase, two prominent enzymes found in activated microglia that produce NO and
reactive oxygen species (ROS), was completely abolished in the presence of
minocycline. NO and ROS are both products of MPTP intoxication and can react with
each other to produce peroxynitrite which is known to damage proteins, DNA amono
acids and even monoamines. The goals of Specific Aim IV were to examine the
biological consequences of protein nitration by assessing whether candidate proteins such
as MnSOD and mitochondrial electron chain polypeptides as well as any other proteins
might be nitrated following MPTP intoxication. Using cell culture involving HEK293
cells transfected to overexpress the human alpha-synuclein presynaptic protein, we found
that 6) following exposure to peroxynitrite, the alpha-synuclein in these cells was
pitrated as demonstrated by immunoprecipitation techniques. This situation was
replicated in vivo in the MPTP mouse model as we saw (7) nitration of alpha synuclein
as early as 4 hours after the last dose of MPTP. No nitration of other presynaptic
proteins such as B-synuclein and synaptophysin was noted.

Year Three and Year Four of the Award.

All of the work in wild-type C57/bl mice has been completed. The remainder of the
proposed studies uses transgenic mice overexpressing wild-type SOD1, nNOS and iNOS
knockout (ko) mice, and crosses between SOD1 and nNOS ko and SOD1 and iNOS ko
mice. Since we have demonstrated that both the superoxide radical and NO are involved
in the MPTP neurotoxic process, we now wished to dampen the effects of the MPTP
toxic insult. The first part of our studies were done using wild-type C57/bl mice, thus, we
transferred the SOD1 transgene into a C57/bl genetic background by applying the
backcross system between hemizygote transgenic SOD1 mice and wild-type C57/bl mice
at least seven times to assure that almost all of the alleles from the original strain were
replaced followed by brother-sister matings. This breeding system took close to one year
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and these animals are viable. Roughly 50% of each litter overexpress the SOD1 human
transgene.

The breeding of nNOS knockout mice was not as straightforward as we thought it would
be. These mice were originally in a mixed 129 SvEv agouti -C57/bl background thus we
first had to transfer the nNOS ko gene into a C57/bl background using the backcross and
brother-sister mating system. We bred the few homozygote nNOS ko mice that we had
with C57/bl females (Jackson Labs) to obtain nNOS heterozygotes. Brother-sister mating
of the resulting heterozygotes was then done to obtain nNOS.ko mice. What we found
was that this crossing of heterozygote x heterozygote did not respect Mendalian genetics
(25/50/25)’ Although they were viable, from our breeding program, we were lucky if one
mouse per litter was a nNOS ko mouse. Thus acquiring the numbers needed was not so
fruitful. After a number of failed attempts, we decided to try and buy these animals
($338.00 per breeding pair) from Jackson Labs. We spent a number of months going back
and forth with them only to be informed that they were having problems with their
colonies of nNOS.ko mice and that we would have to wait until they solved their
problems with this colony. In April of 2003, Jackson Labs informed us that they had
cryopreserved this line of mice. We assumed that this cryopreservation occurred because
they did not solve their colony problems. We thus have looked to other investigators who
may have these mice and who were maybe more successful in their breeding programs.
This approach has been partially successful. Attempts to crossbred SOD1 with nNOS.ko
was also a problem in that this SOD1*/nNOS™ cross was indeed a rarity per litter.

The breeding of iNOS ko mice proved to be almost as problematic as nNOS.ko mice.
Litter size was usually 8-10 pups however, mothers in many cases ate their young or did
not care for them. Thus, a significant number of iNOS pups died before they reached
weaning age. Jackson Labs carries this line of mice also, so we decided to purchase adult
iNOSko mice from this vender. Production of these mice, already in a C57/bl
background, at Jackson Labs is, however, intermittent and one is allowed to purchase
only 10 iNOS. ko mice at any one time making it difficult to obtain sufficient numbers for
any one experiment. Crosses with SOD1 were problematic as well yielding maybe 1 to
none SOD1"/iNOS™ mouse per litter. While we were conducting the breeding program,
we published several articles in peer-reviewed journals relevant to the subject of the role
of NO in MPTP neurotoxicity.

KEY ACCOMPLISHMENTS RESULTING FROM THIS 4 YEAR AWARD.
Specific Aim I
Both the iNOS and nNOS enzymes are involved in the MPTP neurotoxic process.
The SNpc of both iNOS and nNOS mknockout mice is only partially protected
against the damaging effects of MPTP.

eNOS is expressed in blood vessels in the brain, but is not involved in MPTP
neurotoxicity in the SNpc as (1) content and peak time of MPP+ levels show no
differences between wild-type and eNOS deficient mice; (2) mRNA and protein
levels of the eNOS gene are unchanged in the ventral midbrain following MPTP
treatment in eNOS deficient mice; (3) the loss of both TH.- and Nissl-stained
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neurons between wild-type and eNOS deficient mice were not statistically
different following MPTP administration.

Specific Aim II
iNOS seems to be the main NOS enzyme and the main producer of the NO
involved in the MPTP neurotoxicity and degeneration of DA neurons ; it is up-
regulated in microglia in the Snpc of MPTP-treated mice. iNOS mRNA is also
up-regulated here.

MPTP-induced toxicity in the SNpc can be attenuated with minocycline, a second
generation semisynthetic tetracycline antibiotic.

Minocycline inhibits the inflammatory response in the SNpc induced by MPTP
and characterized by microglial activation.

Minocycline prevents three key microglial-derived mediators of cytotoxicity
following MPTPadministration: iNOS upregulation, formation of mature IL-18
and activation of NADPH oxidase.

NADPH oxidase is induced in the SNpc of MPTP-treated mice, is expressed in
activated microglia and is the source of the superoxide radical in MPTP-mediated
microglial activation. Subunits of NADPH oxidase such as GP?! is also up-
regulated in the SNpc in PD and following MPTP; inactivation of NADPH
attenuates the MPTP effect by mitigating inflammation..

The cyclooxygenase 2 (COX-2) enzyme expression is induced within SNpc DA
neurons in postmortem PD samples and in the SNpc of MPTP-treated mice during
their degenerative process. This up-regulation of the COX-2 enzyme occurs
through a c-jun kinase (JNK)/ c-jun dependent mechanism. Both ablation and
inhibition of COX-2 attenuates MPTP-induced DA neuron degeneration in the
SNpc of mice possibly by decreasing the level of damage.

Specific Aim III
Documentation of the existence of peroxynitrite and the regional quantification of
protein oxidation markers 3-nitrotyrosine, 0,0-dityrosine and orthotyrosine in the
MPTP mouse model of Parkinson’s disease. This suggests tyrosyl radical and
peroxynitrite involvement and may be mediated through the myeloperoxidase
heme protein secreted by activated phagocytes.

Demonstration that tyrosine hydroxylase is nitrated in the SNpc and inactivated
following MPTP administration.

Specific Aim IV
Examination and demonstration of the inactivation of tyrosine hydroxylase as a
result of the nitration of tyrosine residues in HEK293 cells exposed to
peroxynitrite.
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Demonstrated the up-regulation, nitration and oxidative modification of alpha
synuclein protein in neurons in the SNpc of MPTP-treated mice. All synuclein-
positive neurons were also TH-positive

Showed that the blockade of the complex I enzyme by MPTP, which increases the
production of the superoxide radical, can be overcome by infusion of the ketone
body D-B-hydroxybutyrate (D-8HB) which enhances the functional operation of
complex I thus partially protecting against MPTP-induced DA neuron
degeneration, improves mitochondrial respiration and increases ATP production.
This suggests that the complex I enzyme, a possible candidate protein for
interaction with NO, may be nitrated thus prevented from passing electrons down
the mitochondrial chain.

REPORTED OUTCOMES FROM THIS 4 YEAR AWARD.
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SHORTFALLS AND RECOVERY

The work in the genetically engineered mice has not been completed. In fact, because of
the breeding problems, we have been forced to investigate other avenues, be it
mammalian or pharmacological, to make up for these shortfalls. While SOD1
overexpressers pose no problem, nNOS and iNOS do. We have, however, been promised
a limited number of nNOS.ko mice and we can purchase limited numbers of iNOS ko at
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any one time. Thus, to examine our original question on the role of NO in MPTP-induced
dopaminergic neuron degeneration for Specific Aim I, we will administer a SOD-minetic
compound (M40401) to nNOS and iNOS knockout mice with a lower capacity for
synthesizing NO and to wild-type mice (all in a C57/bl Jackson Labs background). We
will then assess the status of the nigrostriatal dopaminergic pathway in these diffenent
lines of mice following MPTP and in the absence of and in the presence of M40401 using
high performance liquid chromatography (HPLC) and immunostaining with quantitative
morphology. Because of the limited numbers of both iNOS and nNOS knockout mice, we
will use % of the brain for HPLC and the other % for morphological studies. To test the
feasibility of this approach, we have experimented with this type of protocol for
samplings in normal mice and have found no differences between using whole brain
versus using % brain. For Specefic Aim ITI, we will assess peroxynitrite effects on
protein tyrosine residues in iNOS and nNOS knockout mice and in wild-type C57/bl mice
following MPTP and MPTP in combination with the SOD mimetic M40401. We will
quantify the two main products of peroxynitrite oxidation of tyrosine, dityrosine and
nitrotyrosine in different brain regions (striatum, ventral midbrain, frontal cortex,
berebellum) and at different time points using gas chromatography with mass
spectrometry. For Specific Aim IV, we will examine the consequences of protein
tyrosine nitration by assessing whether candidate proteins, mitochondrial electron
transport chain polypeptides and manganese-SOD are nitrated. This will be done in
transgenic SOD1 mice as well as in nNOS and iNOS knockout mice following MPTP
with and without M40401. Tyrosine nitration will be determined by immunoprecipitation,
Western blot and amino acid analyses. Any enzymatic analyses will be performed using
spectrophotometric enzymatic assays. Aside from manganese SOD, we have identified
complexes I, II, and V, ANT, VDAC, creatine kinase, and aconitase, all found in
mitochondria, as possible candidate proteins that may be nitrated or oxidized following
reaction with peroxynitrite. Because of the breeding problems even though the crosses
were viable, we were granted a non-monetary one year extension on this proposal to
complete the studies.

CONCLUSION

Parkinson’s disease is a common neurodegenerative disorder that affects a
reasonable percentage of our aging population (1). Possessing a tool like MPTP that can
replicate almost all of the hallmarks of this disorder has indeed been a gift. Finding the
cause of this debilitating disease and elucidating the molecular mechanisms that are
involved in the death of dopaminergic (DA) neurons in the SNpc can give us specific
targets for therapeutic strategies aimed at abating DA cell loss and the results of this loss.
In keeping with our original hypothesis of free radical participation in the death of these
specific neurons (8), using the MPTP mouse model of PD, we have found that both the
superoxide radical and NO are indeed involved in the death of DA neurons in the SNpc
of MPTP-treated mice. In a previous work, we used transgenic mice that overexpressed
wild-type SOD1 and found that the nigrostriatal DA pathway in these mice was protected
from the damaging effects of MPTP compared to their non-transgenic littermates (4). In
elucidating the role of NO in the MPTP-neurotoxic process, it is necessary to sort out
which of the three nitric oxide synthase (NOS) isoenzymes actually contribute to the
MPTP neurotoxic process in DA neurons in the SNpc. Our research shows that of the
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three, nNOS (NOS1) and iNOS (NOS2) are involved here (14, 15), but eNOS (NOS3) is
not (personal communication). nNOS (14) and iNOS (15) knockout mice were partially
protected against MPTP-induced DA cell loss individually whereas eNOS knockout mice
treated with MPTP exhibited the same level of DA neuron death as that displayed by
their wild-type littermates. Thus, targeting of either NOS1 or NOS2 or both can interfere
with the MPTP neurotoxic process which, in turn, may save DA neurons in the SNpc of
the MPTP mice and may be a useful strategy for treating the progressive nature of
neuronal loss in the SNpc of PD patients.

Although both nNOS and iNOS are up-regulated, we have demonstrated that the
NOS2 enzyme in the SNpc seems to be the main NOS culprit in PD and in the MPTP
mouse model and this culprit comes with heavy baggage. First of all, as stated above,
MPTP induces an increased expression of the NOS2 enxyme in the SNpc of the treated
mice; up-regulation of NOS 2 has also been found in postmortem tissue samples from PD
brains (13). Increased expression of NOS2 results in the activation of microglia (15, 16)
which is a response to neuronal injury. And it is the neuronal injury that provokes and
keeps the inflammatory process going which makes this process circular. Coupled with
the up-regulation of NOS2 in microglia following MPTP administration, which increases
NO production, we observed that the expression of NADPH oxidase in microglia is also
increased after administration of this toxin (17). Since NADPH oxidase promotes the
production of the superoxide radical and is up-regulated in microglia (17), microglia are
the forum for a superoxide radical/NO clash in the MPTP mouse model and possibly in
PD itself. The interaction of these two “radicals” most likely results in the formation of
peroxynitrite, a compound that can modify, thus inactivate amino acids, proteins and
catecholamines (8). But, microglia are not the only cells in the SNpc that produce the
superoxide radical and NO. Neurons themselves are also involved in their own demise in
the MPTP model and probably in PD. From our studies as well as from studies by other
investigators (18, 19, 20), it is known that the MPTP metabolite, MPP", blocks
mitochondrial complex I of the mitochondrial electron transport chain within the neuron
which kicks out the superoxide radical. Since NO can travel as many as 300 microns
from its site of production and can freely travel through membranes (21), we conclude
that the superoxide radical and NO can also interact within the neuron to produce
peroxynitrite thus causing its own demise. Peroxynitrite can therefore be formed both
inside of and outside of the DA neuron. Inhibition of either the superoxide radical
(transgenic SOD1 overexpression) or NO formation (minocycline, 7-nitroindazole) can
diminish the damage caused by the interaction of these two compounds in the MPTP
mouse model and possibly in PD itself.

A quick, cheap and easy way to end-run the MPP" inactivation/block of complex I
and to overcome the reduction in complex 1 activity seen in PD is to circumvent the
block and the reduction of complex 1 possibly through the application of the ketone
body, D-B-hydroxybutyrate (D-8HB) (18). D-BHB is producesd by the hepatocytes and,
to a lesser extent, by astrocytes (18). It can act as an alternative source of energy in the
brain when the glucose supply is depleted such as during starvation. In vitro, D-BHB
prevents neuronal damage following glucose deprivation and exposure to mitochondrial
poisons. In our MPTP mouse model, we have documented that the infusion of D-BHB
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protects SNpc DA neurons in a dose-dependent and stereo-specific manner and prevents
the development of PD-like motor abnormalities. D-BHB seems to enhance oxidative
phosphorylation by a mechanism dependent on succinate ubiquinone oxidoreductase
(complex II).

As stated above, SNpc neurons in PD and in the MPTP mouse may contribute to
their own destruction. The superoxide/NO interaction is not the only source of
inflammation within the DA neuron. The COX-2 enzyme is thought to play a role in
inflammation within the DA neuron as well, for up-regulation of the COX-2 enzyme
within the neuron is thought to be one event among a cascade of deleterious events in the
neurodegenerative process (22). In the inflammatory process within the DA neuron, it
had been suggested that the increases in the expression of the COX-2 enzyme is
responsible for the elevated levels of prostaglandins particularly prostaglandin E2 which
has been associated with neurodegeneration. In our studies using the MPTP mouse model
of PD and SNpc tissue samples from PD brains, we found induction of the COX-2
enzyme and elevation of its catalytic activity in DA neurons of the SNpc of MPTP-
treated mice and in the PD tissues. We also noted that this induction was absent in MPTP
treated COX-2 knockout mice, in MPTP mice treated with Refocoxib , a specific COX-2
inhibitor as well as in mice treated with the JNK inhibitor CEP11004 (23). What was
interesting in these experiments was that neither ablation nor inhibition of the COX-2
enzyme affected the activation of microglia by MPTP in the SNpc (23). From these
experiments, we concluded that the JNK/c-jun signaling pathway is instrumental in COX-
2 enzyme induction within the DA neuron, that induction of this enzyme is responsible
for elevated PGE2 levels, that this sequence of events has a role in the inflammatory
process inside of the DA neuron and that these events do not involve activated microglia.

Peroxynitrite is a very short-lived elusive compound that, in reality, cannot be
physically measured. It is formed intracellularly within mitochondria and, can diffuse in
and out of mitochondria and can undergo targeted molecule reactions with various
cellular compounds such as proteins, amino acids and poly peptides as well as react with
carbon dioxide to yield secondary radicals which participate in the oxidation, nitration or
nitrosation of critical mitochondrial components (6). Specific markers of peroxynitrite
interaction attest to the damage it can inflict. In keeping with our original hypothesis
about the role of NO in PD and in the MPTP neurotoxic process, and after having shown
that during the MPTP neurotoxic process that TH was nitrated (24), we demonstrated in
vitro that peroxynitrite can nitrate tyrosine residues in the TH molecule and concluded
from these studies that tyrosine 423 was the primary tyrosine that was nitrated and that
this nitration was sufficient to inactivate the TH enzyme (25). We also noted in another
publication that other molecules are nitrated by peroxynitrite. For instance, the synaptic
protein, alpha synuclein, whose role in the degeneration of DA neurons has yet to be
elucidated, is not only up-regulated in the SNpc of MPTP-treated mice (26), but also is
nitrated and oxidatively modified following the administration of this toxin (27). Based
on the fact that peroxynitrite has access to many proteins in mitochondria, we have since
sought out other mitochondrial proteins or components which may be at risk of
nitrative/oxidative damage by peroxynitrite. These are complexes I, II, and V as well as
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ANT, creatine kinase, aconitase and manganese SOD (SOD2) (28). We intend to
examine the nitration/oxidative modification of some of these compounds.

The free radical hypothesis of PD suggests that oxidative stress is implicated in
the death of DA neurons in the SNpc (29). Several reactions within the DA neuron set the
stage for this damaging situation. For instance, the reaction between the superoxide
radical and NO, which produces peroxynitrite, puts cells in an oxidative/nitrative stress.
Furthermore, the fact that the superoxide radical can be overproduced in several
situations (Blockade of complex 1, induction and up-regulation of NADPH oxidase) also
indicates oxidative stress. Therefore, the superoxide radical, by itself, can exert damaging
effects by generating reactive species such as the hydroxyl radical (HO) whose oxidative
properties can ultimately kill cells (29). Superoxide can facilitate HOeproduction in the
metal-catylized Haber-Weiss reaction and can be dismutated by SOD1 to form hydrogen
peroxide (H,02) (30). In certain oxidative damage situations, there exists an oxidative
pathway that does not require metal ions. This pathway involves myeloperoxidase, a
heme protein secreted by activated macrophages (31). Myeloperoxidase uses H0; to
convert the phenolic acid tyrosine into a reactive intermediate that promotes the oxidation
of proteins and lipids. Studies indicate that the oxidizing intermediate generated by
myeloperoxidase is the tyrosyl radical (31) and suggest that this radical may promote
oxidative reactions at sites of inflammation. Stable endproducts of protein oxidation act
as indicators that a specific reaction has occurred thus we used gas chromatography with
mass spectrometry to measure these reactions first in an in vifro situation with
myeloperoxidase to determine what these reaction products might be, then in vivo
following MPTP administration reaction to see if they were indeed part of the MPTP
neurotoxic process. We found elevated levels of 3-nitrotyrosine and 0,0-dityrosine in the
ventral midbrains and striata of MPTP-treated mice as compared to saline control tissues.
Cerebellum and frontal cortex showed no evidence of protein oxidation (31). The
presence of these compounds in the brain indicate that oxidative modification of proteins
took place in brain areas sensitive to the effects of MPTP while the reaction in the test
tube confirms that a myeloperoxidase-H,0, oxidative pathway is responsible for the
existence of the oxidized proteins found in the brain tissues (31). These findings give
further support to the oxidative stress hypothesis of PD and may be relevant to our
understanding of the pathogenesis of this debilitating disorder.

We have put together a series of experiments to delve deeper into the mysteries of PD by
examining the role of NO in the MPTP neurotoxic process. Our proposal is largely based
on the free radical hypothesis of PD. From these studies, we conclude that the superoxide
radical and NO are indeed instrumental in the death of DA neurons in the SNpc of
MPTP-treated mice. The death of these neurons apparently involves induction of iNOS
and the up-regulation of nNOS, production of the superoxide radical, microglial
activation with all of its cytotoxic components, peroxynitrite production and protein
oxidation and nitration. A number of these same findings have also been found in PD, the
human condition that MPTP mimics.
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" Inducible nitric oxide synthase stimulates dopaminergic
neurodegeneration in the MPTP model of Parkinson disease
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MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) damages dopaminergic neurons as seen
in Parkinson disease. Here we show that after administration of MPTP to mice, there was a ro-
bust gliosis in the substantia nigra pars compacta associated with significant upregulation of in-
ducible nitric oxide synthase (iNOS). These changes preceded or paraileled MPTP-induced
dopaminergic neurodegeneration. We also show that mutant mice lacking the iNOS gene were
significantly more resistant to MPTP than their wild-type littermates. This study demonstrates
that iNOS is important in the MPTP neurotoxic process and indicates that inhibitors of iINOS may
provide protective benefit in the treatment of Parkinson disease.

Parkinson disease (PD) is a common neurodegenerative disor-
der whose cardinal features include tremor, slowness of move-
ment, stiffness and poor balance'. Most, if not all, of these
disabling symptoms are due to a profound reduction in striatal
dopamine content caused by the loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) and of their pro-
jecting nerve fibers in the striatum®*. Although several ap-
proved drugs do alleviate PD symptoms, their chronic use is
often associated with debilitating side effects!, and none di-
minish the progression of the disease. Moreover, the develop-
ment of effective neuroprotective therapies is impeded by our
limited knowledge of the actual mechanisms by which
dopaminergic neurons die in PD. So far, however, considerable
insights into the pathogenesis of PD have been achieved by
the use of the neurotoxin MPTP (1-methyl-4-phenyi-1,2,3,6-
tetrahydropyridine), which causes in humans and in nonhu-
man primates a severe and irreversible PD-like syndrome®. In
several mammalian species, MPTP reproduces most of the bio-
chemical and pathological hallmarks of PD, including the sub-
stantial degeneration of dopaminergic neurons®. Furthermore,
there is mounting evidence that reactive oxygen species, espe-
cially nitric oxide (NO), are pivotal in the MPTP neurotoxic
process®, which supports the hypothesis that oxidative stress
contributes to the pathogenesis of PD (ref. 7).

So far, three distinct NO-synthesizing isoenzymes have been
purified and molecularly cloned®: neuronal NO synthase
(nNOS), inducible NOS (iNOS) and endothelial NOS. nNOS is
the main NOS isoform in the brain, as its catalytic activity and
protein are identifiable throughout the central nervous sys-
tem>'°. In contrast, iNOS normally is not'' or is minimally'* ex-
pressed in the brain. However, in pathological conditions,
iNOS expression can increase in brain glial cells” and invading
macrophages in response to a variety of injuries’**.
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-generation.

Endothelial NOS is mainly localized in the endothelium of
blood vessels and to a minimal extent in different discrete re-
gions of the brain'*®. Thus, our success in determining the
pathogenesis of PD as well as in developing neuroprotective
therapies that target the NO pathway is contingent on our elu-
cidation of which of the NOS isoenzymes contribute to the
production of the NO involved in dopaminergic neuron de-
The pharmacological inhibition of nNOS,
produced by 7-nitroindazole and S-methylthiocitrulline, sub-
stantially attenuates MPTP-induced dopaminergic neurotoxic-
ity in mice and monkeys'>?. Although these NOS antagonists
are considered selective nNOS inhibitors, it is not certain that,
at the dose used in these studies, they retain all of their selec-
tivity. Consistent with this is the demonstration that nNOS-
deficient mice with about 10% residual nNOS activity'® are
partially protected against MPTP (ref. 20), whereas mice
treated with doses of 7-nitroindazole that cause about 80%
nNOS inhibition are completely protected'*. These data indi-
cate that although nNOS is important, other NOS isoforms
might also participate in the dopaminergic neurodegeneration
that occurs in the MPTP model and in PD. Relevant to this is
the demonstration that many cells in the SNpc from post-
mortem PD samples express considerable amounts of iNOS,
whereas those from age-matched controls do not®. Although
upregulation of iNOS in acute injury may lead to cell death'*,
most likely through the production of large amounts of NO
over a prolonged period of time?, its involvement in a chronic
neurodegenerative process such as in PD is not known. Here
we show that iNOS is not only upregulated in the SNpc of
MPTP-treated mice, but that its ablation in mutant mice sig-
nificantly attenuates MPTP neurotoxicity, thus indicating that
iNOS is essential in MPTP-induced SNpc dopaminergic neu-
rodegeneration.
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Table 1 Number of neurons in the SNpc W?S m1n1mal. n .sahne-m]ected
mice, but rapidly increased after
Saline MPTP MPTP injection (Fig. 2h). Indeed,
Wild-type iNOS™ Wild-type iINOS™ in MPTP-injected mice, ventral
Tyrosine hydroxylase 10,188 + 619 9,680 + 496 2,940 + 698* 5,720+ 539~  Midbrain iNOS activity began to
Niss! 13,563+1007  12,913%530 6,300 + 539* 10,417 +380*  increase by 12 hours, peaked by

SNpc neurons (mean  s.e.m.; n= 5 per group) were counted by stereology. *, P < 0.001, fewer than both saline-injected groups;
**, P <0.05, fewer than both saline-injected groups and more than MPTP-injected wild-type mice; Newman-Keuls post-hoc test.

24-48 hours (300% increase), and
then slowly subsided back to con-

MPTP produces a robust glial response

In saline-injected mice, ventral midbrain expression of
macrophage antigen-1 (MAC-1) and glial fibrillary acidic pro-
tein (GFAP), which are specific markers of microglia and astro-
cytes, respectively, was minimal (Fig. 1a—c). This corresponded
to only a few faintly immunoreactive resting microglia and as-
trocytes in the substantia nigra (Fig. 1fand i). In MPTP-injected
mice, ventral midbrain expression of MAC-1 and GFAP was sig-
nificantly greater (Fig. 1a—c) and there were many robustly im-
munoreactive MAC-1-positive activated microglia and
GFAP-positive reactive astrocytes (Fig. 1d,e,g and h). Although
the MPTP-induced glial response predominated in the SNpc, it
spanned the entire substantia nigra (Fig. 14 and £). Changes in
MAC-1 expression were evident by 12 hours, reached a maxi-
mum by 24-48 hours, and were no longer different from con-
trol samples by day 7 after MPTP injection (Fig. 1a and b). In
contrast to MAC-1 expression, changes in GFAP expression
were only noticeable by 24 hours, were maximal by 4-7 days,
and showed a trend towards returning to control levels by 21
days after MPTP injection (Fig. 1a and ¢). In the striatum, the
time course of the MPTP-induced changes in MAC-1 and GFAP
expression were similar to those seen in the ventral midbrain
(data not shown). :

MPTP stimulates iNOS expression in glial cells
In saline-injected mice, there were rarely iNOS-immunoreac-
tive cells in the SNpc (Fig. 2). In MPTP-injected mice, the num-

ber of SNpc iNOS-positive cells increased rapidly over time,

reaching a 250% increase by 24 hours after MPTP injection
(Fig. 2). However, iNOS-positive cell counts were no longer sig-
nificantly different from controls by 48 hours after MPTP injec-
tion (Fig. 2d). In the striatum, no iNOS-positive cells were
identified after MPTP injection. We confirmed the specificity
of the antibody against iNOS by western blot analysis (Fig. 2¢).

To elucidate the nature of the SNpc iNOS-positive cells, we
simultaneously immunostained midbrain sections for iNOS
and MAC-1 or GFAP. At 24 hours after MPTP injection, the
time with the most iNOS-positive cells, there was iNOS im-
munoreactivity in MAC-1-positive activated microglial cells
(Fig. 2¢). In contrast, none of the iNOS-positive cells were ei-
ther GFAP-positive or had a neuronal morphology.

trol activity by 7 days after MPTP
injection (Fig. 2h). As for iNOS mRNA, iNOS catalytic activity
in the striatum was low and was unaffected by MPTP injection
(not shown). We also measured nNOS activity in ventral mid-
brain from mice treated with saline or MPTP; nNOS activity
was consistently higher than iNOS and was unmodified by
MPTP injection (Fig. 2h).

iNOS-deficient mice are more resistant to MPTP

Given the MPTP-induced SNpc iNOS upregulation, we deter-
mined the involvement of this enzyme in MPTP neurotoxicity
by comparing the effects of the toxin in mutant mice deficient
in INOS (iNOS™) and in their wild-type littermates; this ap-
proach is more advantageous than pharmacological inhibition
of NOS because it allows for the study of iNOS independently
of other NOS isoenzymes. Stereological counts of SNpc
dopaminergic neurons, defined by tyrosine hydroxylase (TH)
and Nissl staining, did not differ between saline-injected
INOS™ mice and their saline-injected wild-type littermates (Fig.
3a and Table 1). In wild-type mice, only 29% of the SNpc TH-
positive neurons and 46% of the Nissl-stained SNpc neurons
survived MPTP injection (Fig. 3a and Table 1). In contrast,
about twice as many SNpc TH-positive and Nissl-stained neu-
rons survived in iINOS™ mice treated with an identical MPTP
regimen (Fig. 3a and Table 1). However, there were no signifi-
cant differences in the extent of loss in striatal levels of
dopamine, DOPAC (3-4-dihydroxyphenylacetic acid) and HVA
(homovanillic acid) between iNOS™ mice and their wild-type
littermates after the administration of MPTP (Table 2).

Microglial responses and MPP* production in iNOS™

Although iNOS™ mice lack iNOS expression, they showed in-
creases in MAC-1 expression similar to those seen in wild-type
mice in response to MPTP (Fig. 3b and ¢). The main determiri-
ing factor of MPTP neurotoxic potency is its conversion in glia
to the 1-methyl-4-phenylpyridinium ion? (MPP*). To confirm
that the resistance of iNOS™ mice was due to the absence of the
iNOS gene and not due to an alteration in the glial production
of MPP*, we measured its striatal content at different times after
MPTP injection. At no time did the striatal content of MPP* dif-
fer significantly between the iNOS* mice and their wild-type
littermates (Table 3).

MPTP increases INOS mRNA levels and enzymatic activity

Table 2 Striatal monoamine levels (ng/mg tissue)

We further characterized the iNOS response to MPTP by

Dopamine DOPAC HVA
assessing its mRNA level and enzymatic activity. In saline- °p
injected mice, ventral midbrain iNOS mRNA was almost  Saline (n=6) 147408 1.6£0.3 29401
undetectable (Fig. 2). In contrast, in MPTP-injected mice, \';’J'Ei (n=4) 28%0.50 0.7 402" 1840.2¢
. L. \ ild-type (n= 8+0. . . 8+0.
midbrain iNOS mRNA levels were detected by 12 hours, INOS™ (1= 5) 24403 0540 1% 1740 2%

were maximal by 48 hours, and were no longer detected

by 4 days after MPTP injection (Fig. 2f and £). Striatal
iNOS mRNA levels were very low and were unchanged by
MPTP injection (not shown). In agreement with the
mRNA results, ventral midbrain iNOS enzymatic activity

As dopamine, DOPAC, and HVA values did not differ between saline-injected iNOS™ and their
saline-injected wild-type littermates, data from both groups were combined. *, P< 0.01, differ-
ent from saline-injected control mice but not MPTP-injected iINOS* mice; **, P < 0.01, different
from saline-injected control mice but not MPTP-injected wild-type mice; Newman-Keuls post-
hoc test. Data represent means + s.e.m. for four to six mice per group.
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Brain nitrotyrosine levels in iNOS™~ and wild-type mice
To assess the extent of NO-related oxidative damage, we

Table 3 MPP* levels (ug/g striatum)

determined nitrotyrosine levels by dot-blot analysis in se- 90 min 120 min 180 min 360 min
leCted brain regions of iNOS” and wild-type mice after Wild type 17.75£0.50  23.10+£4.30 19.17£0.63 1.6110.12
saline or MPTP injection. In saline-injected mice, the dis- NOS” 2424+270  20.61+2.23 17.18+0.83 191+049

tribution of nitrotyrosine was similar between the two
groups of mice in that levels were highest in striatum and
cerebellum, followed by frontal cortex, and were lowest in

Striatal MPP* levels in wild-type and iNOS™ mice at 90, 120, 180 and 360 min after the last
MPTP injection do not differ (P > 0.05; Newman-Keuls post-hoc test) between the two
groups. Data represent means = s.e.m. for four mice per group and time point.

ventral midbrain (Table 4). In MPTP-injected iNOS” and
wild-type mice, nitrotyrosine levels were significantly in-
creased in striatum and ventral midbrain and unchanged in the
other brain regions studied (Table 4). MPTP produced signifi-
cantly smaller increases in nitrotyrosine levels in the ventral
midbrain of iNOS” mice than of their wild-type counterparts,
whereas it produced similar increases in the striata of the two
groups of mice (Table 4).

Discussion ,

This study shows that, in addition to the considerable loss of
dopaminergic neurons, gliosis is a salient neuropathological
feature of the SNpc and the striatum in the MPTP mouse
model, as in PD (refs. 27,28). Although gliosis sometimes may
be associated with beneficial effects, there are many more situ-
ations in which gliosis may be deleterious®?, including in PD
(ref. 28). Consistent with this, our data indicate that inflamma-
tory-related events, such as gliosis, may contribute to the de-

generation of dopaminergic neurons in the MPTP model. For ‘

example, activated microglial cells appeared in the SNpc much
sooner than reactive astrocytes (Fig. 1) and at a time when only

a Days after MPTP
2 47T 21

s 0051

MAC-1—» - 165 kDa

GFAP > ~~ -45KDa

Bactin + = = == = = - = == -42KDa

b c

k%

S 120 o %

= * S EY S

< %

c &%

g% * c *

N ] *

[<=8 (]

S e A ®

. : ;
T

s w G5

2 2

T o4 T ook

& s6 3 ¢ 8 12 15 B 1 % $0 3 8 9 12 15 18 2

Days after MPTP - Days after MPTP

NATURE MEDICINE ¢ VOLUME 5 ¢ NUMBER 12 » DECEMBER 1999

minimal neuronal death has occurred®. This supports the con-
tention that the microglial response to MPTP arises early
enough in the neurodegenerative process to contribute to the
demise of SNpc dopaminergic neurons. In keeping with the
deleterious role of microglia, we found that these cells not only
increase in number after MPTP injection, but also, more impor-
tantly, were the site of iNOS upregulation (Fig. 2). Therefore,
activated microglial cells can flood surrounding dopaminergic
neurons with large amounts of iNOS-derived NO and other re-
active species, such as superoxide radicals®. The time course of
the response of astrocytes to MPTP was quite distinct from that

- of microglia (Fig. 1), in that the changes in the density of reac-

tive astrocytes in both striatum and SNpc did not precede but
rather occurred at the same time as the active phase of
dopaminergic neuron degeneration®. This indicates that the
astrocytic reaction is secondary to the loss of dopaminergic
neurons and not a primary event. Although this diminishes the

. potential role of reactive astrocytes in initiating the dopamin-

ergic neurodegeneration, it does not undermine the potential
role of these cells in propagating the neurodegenerative
process.

Both in vitro and in vivo experiments indicate that iNOS tran-
scription can be induced by various cytokines, including tumor
necrosis factor-a, interleukin-1p and interferon-y (refs. 33-35)
as well as by ligation of the macrophage cell surface antigen
CD-23 (ref. 36). It is thus particularly relevant to PD that glial
cells immunoreactive for those cytokines and CD-23 are de-
tected in the SNpc of PD patients®’. In agreement with this
transcriptional induction model of iNOS, the mRNA levels of
iNOS increased in the ventral midbrain of MPTP-injected mice
(Fig. 2). However, in the striatum, whereas a strong glial reac-
tion did occur after MPTP injection, there was no detectable in-
duction of iNOS mRNA. Among various possibilities, the
discrepancy in the iNOS response between striatum and ventral
midbrain may reflect either a differential mode of iNOS regula-
tion between these two brain regions or the existence of a stri-
atal factor that suppresses the induction of iNOS*.

Our data on microglial iNOS immunoreactivity in the SNpc
of MPTP-injected mice are in agreement with results in PD pa-
tients, in whom iNOS immunoreactivity has also been found

Fig. 1 MPTP-induced glial reaction. a—c, Ventral midbrain MAC-1 (¢ and
b) and GFAP (g and ¢) expression is minimal in saline-injected mice (S), but
increases in a time-dependent manner after MPTP injection. Data repre-
sent mean = s.e.m. (n = 4-5). **, P< 0.01 and *, P < 0.05, compared with
saline, Newmas-Keuls post-hoc test. d—i, There is a robust MAC-1 (d) and
GFAP (g) immunostaining in the SNpc of MPTP-treated mice compared
with that in saline-treated control mice (f and i) at 24 h after injection. e
and h, Magnification of the boxed areas in d and g shows that the MAC-1-
and GFAP-immunoreactive cells in the MPTP-treated mice seem to have a
morphology typical of activated microglia cells () and of reactive astro-
cytes (h). Scale bars represent 200 um (d,f,g,/; shownin d)and 15 pm (e,h;
shown in e).
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Fig. 2 MPTP-induced iNOS upregulation. a and b, SNpc
of a mouse 24 h after MPTP injection (@), containing an e
iNOS-positive cell (b; enlargement of boxed area in a). ¢, All
iNOS-positive cells (black) co-localize with MAC-1 im-
munoreactivity (violet) (long arrow), but several MAC-1-

iNOS >
positive  cells do not co-localize with iNOS

dss

285
20
18

o oy

Saline 0 05 1 2 4 7 33

immunoreactivity (short arrow). Scale bars represent 200

Days after MPTP
12 f Hours after MPTP
- Saline 12 24 4 %
- |r1K0a iNOSHw e s ks
—J- 1102 Bactin %

um (a) and 10 pm (b,¢). d, Time course of iNOS-positive

cell numbers in the SNpc after MPTP injection (n = 4-5 g

mice per time point). *, P < 0.05, compared with all other 12
groups, Newmas-Keuls post-hoc test. e, Western blot analy- g 1.0
sis of protein extract from lipopolysaccharide-treated § 08
mouse cells demonstrates that the antibody against iINOS M

used here recognizes a single band with an apparent mole- g 06
cular mass of 130 kDa (lane 1), which is consistent with E 04
INOS; when the antibody against iNOS is omitted the band P 02
is not seen (lane 2). Right margin, molecular sizes. f and g, % 0

Ventral midbrain iNOS mRNA levels are increased by 24
and 48 h after MPTP injection compared with those of
saline-injected mice, but return to basal levels by 96 h. Data
are from three mice per group and are representative of at
least three independent experiments. P, iNOS-positive: control
(lipopolysaccharide-treated mouse cells). *, P<0.05 and 4, P < 0.01,
higher than all other groups, Newmas-Keuls post-hoc test. h, Ventral
midbrain iNOS activity is significantly increased 1 d after MPTP injection,
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is still increased at 4 d although it returns to basal levels by 7 d after
MPTP injection, whereas ventral midbrain nNOS activity remains un-
changed throughout. *P < 0.01, higher than all other groups, Newmas-
Keuls post-hoc test.

in SNpc microglia/macrophages®. However, our study pro-
vides essential insights into these autopsy findings, by indicat-
ing that iNOS upregulation is not due to the chronic use of
anti-PD drugs such as L-dopa, nor is it an alteration that oc-
curs at the very end of the disease process. Instead, our obser-
vation of increased iNOS immunoreactivity and enzymatic
activity in MPTP-injected mice (Fig. 2) fits with the idea that
iNOS-mediated NO and superoxide production*” may con-
tribute to the neurodegenerative process in this model and in
PD. However, NO is membrane-permeable and can diffuse to
neighboring neurons, whereas superoxide cannot readily
transverse cellular membranes®, making it unlikely for mi-
croglial-derived extracellular superoxide to gain access to
dopaminergic neurons and directly trigger intracellular toxic
events. Alternatively, NO could react with superoxide in the
extracellular space to form the very reactive tissue-damaging
species, peroxynitrite, which can cross the cell membrane and
injure neurons. Therefore, microglial-derived superoxide, by
contributing to peroxynitrite formation, may be important in
this model. The presumed absence of direct involvement of
extracellular superoxide in MPTP neurotoxic process, how-
ever, does not contradict the instrumental role of intracellular
superoxide in this model, especially that produced within
dopaminergic neurons consequent to the mitochondrial elec-
tron transport chain blockade by MPP*.

Consistent with the involvement of iNOS in the MPTP neu-
rotoxic process is our demonstration that apprbximately twice
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as many SNpc dopaminergic neurons survived in iNOS”- mice
as in their wild-type littermates after MPTP injection (Table 1).
As activated microglia can also exert deleterious effects unre-
lated to NO, it must be emphasized that iNOS™ mice showed
no evidence of impaired microglial activation in response to
MPTP (Fig. 3) and iNOS”- macrophages, which do not produce
NO, remain responsive to interferon-y and, once activated, pre-
serve their respiratory burst capacity® that includes the forma-
tion of superoxide. Moreover, ablation of iNOS was not
associated with alterations in the formation of the MPTP active
metabolite MPP* (Table 3), which is the most important modu-
lating factor of MPTP potency®. Given these data, the resis-
tance of iNOS™ mice to MPTP may result from the lack of iNOS
expression and the consequent reduced NO formation, and not
from either a microglial-deficient respiratory burst capacity or
an altered MPTP metabolism. Unexpectedly, the resistance of
the SNpc dopaminergic neurons in iNOS™ mice was not accom-
panied by a similar sparing of striatal dopaminergic fibers,
given that the levels of dopamine and metabolites after MPTP
injection were similarly decreased in iNOS”- mice and their
wild-type littermates (Table 2). In the SNpc, MPTP caused sig-
nificant upregulation of iNOS and, constitutively, there are
only a few midbrain nNOS-positive neuronal elements that are
not of dopaminergic nature and that do not have a close rela-
tionship with SNpc dopaminergic neurons®®. In contrast, in
the striatum, MPTP did not cause any detectable iNOS upregu-
lation and, constitutively, there are many nNOS-positive neu-
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rons and nerve fibers®. Therefore, the substan-

Table 4 Nitrotyrosine levels (ng/ug protein)

tial preservation. of the SNpc dopaminergic
neurons coinciding with the loss of striatal
dopaminergic fibers in MPTP-injected iNOS™  Wild-type
mice can be explained by the fact that MPTP- Saline
mediated damage of striatal dopaminergic MPTP
nerve fibers, unlike that of SNpc dopaminergic INOS™ .

Saline
neurons, does not rely much on NO produced MPTP
by iNOS, but instead on other NOS isoforms

Frontal Cortex Striatum Ventral Midbrain Cerebellum
18.9+3.7 30.9+2.1 13.3+3.2 21.6+3.2
19.1 £ 2.1 67.8 +3.1* 31.7£1.7* 23.5%2.2
18.4+3.5 28.3+25 14.0+25 20.6+1.8
19.6+2.5 68.4 £ 2.9* 21.9 £1.7%** 19.1+2.0

such as nNOS (ref. 20).

*, P<0.01, higher than saline-injected mice; **, P< 0.01, higher than saline-injected mice but not MPTP-injected

. co i . wild-type mice; ***, P < 0.05, higher than saline-injected mice but lower than MPTP-injected wild-type mice;
Peak ventral midbrain iNOS enzymatic activ-  Newman-Keuls post-hoc test. Data represent mean + s.e.m. for three to four mice per group and treatment.

ity was about 15% that of nNOS enzymatic ac-
tivity (Fig. 2), raising the question of how such a
non-predominant component of total NOS enzymatic activity
could substantially modulate MPTP-induced SNpc injury. The
answer may reside in the distance that NO must travel from the
site of release to the dopaminergic neurons. Indeed, as de-
scribed above, ventral midbrain nNOS-positive neuronal ele-
ments are located far from dopaminergic structures and thus it
is likely that the amount of nNOS-derived NO that succeeds in
reaching the target neurons is much less than could be ex-
pected, given the nNOS catalytic activity. In contrast, ventral
midbrain iNOS-positive microglial cells are in close proximity

Fig. 3 MPTP-induced neuronal loss and microglial reaction in iNOS™
mice. a, SNpc TH-positive neurons are twice as resistant to MPTP in iNOS™
mice than in wild-type (WT) littermates, 7 d after MPTP injection. In addi-
tion, there is no noticeable difference in TH-positive neuron density after
saline injection between iNOS” mice and WT littermates (Table 1, actual

.neuronal counts). b and ¢, Ventral midbrain western blot analysis (b) and

SNpc immunohistochemical analysis () for MAC-1, showing the similarity
of the microglial response between the iNOS™ mice and their wild-type lit-
termates (WT), 24 h after MPTP injection. Scale bar represents 200 um (a
and ¢, shown in ¢).
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to dopaminergic structures and thus the amount of iNOS-de-
rived NO that succeeds in reaching the target neurons is con-
ceivably very substantial. Also relevant is the fact that nNOS
activity is under the dynamic regulation of calcium, thus it is
probable that midbrain nNOS does not produce anywhere near
600% as much NO as iNOS.

As for mechanisms, NO is a weak oxidant and thus it is not,
by itself, sufficiently damaging to participate directly in MPTP
deleterious effects. Alternatively, NO-derived species with
stronger oxidant properties, such as peroxynitrite, can unques-
tionably cause direct injury to the dopaminergic neurons®. In
addition, peroxynitrite can nitrate tyrosine residues*, which
may serve as a stable biomarker for peroxynitrite actions.
Supporting the possibility of involvement of peroxynitrite in
MPTP neurotoxic process is our demonstration that nitrotyro-
sine levels were significantly increased after MPTP injection
only in brain regions known to be susceptible to the toxin
(Table 4), which is consistent with previous studies'®*>*, Even
more compelling, MPTP-injected iNOS"~ mice, which showed
significantly less SNpc dopaminergic neuronal loss (Table 1),
also showed significantly smaller increases in ventral midbrain
nitrotyrosine levels than their wild-type counterparts (Table 4).

Our data provide evidence for a pivotal role for microglial
iNOS-derived NO in the cascade of deleterious events that ulti-
mately leads to SNpc dopaminergic neuronal death in the
MPTP mouse model and in PD. Therefore, our study indicates
that inhibition of iNOS may be a valuable target for the devel-
opment of new therapies for PD aimed at attenuating the ac-
tual loss of dopaminergic neurons. However, this study also
shows that iNOS inhibition may not be efficacious in preserv-
ing striatal nerve fibers from MPTP neurotoxicity. This indi-
cates that the ideal therapeutic approach for PD may require
the combination of iNOS inhibitors with other agents that
have strong abilities in promoting nerve fiber re-growth and in
stimulating dopaminergic function as well as in preserving
dopaminergic nerve terminals. So far, multi-drug strategies
have proved to be successful in fitting other pathological con-
ditions, such as HIV infection and cancer.

Methods )
Animals and treatment. Eight-week-old male C57/bl mice (Charles River

'Laboratories, Wilmington, Massachusetts) and iNOS-deficient mice

(C57/bl-NOS2™™'; Jackson Laboratories, Bar Harbor, Maine) and their
wild-type littermates were used. Mice (n = 4-6 per group) received four in-
traperitoneal injections of MPTP-HCI (20 mg/kg of free base; Research
Biochemicals, Natick, Masssachusetts) in saline at 2-hour intervals in 1 day,
and were killed at selected times 0-21 days after the last injection. Control
mice received saline only. This protocol was in accordance with the NIH
guidelines for use of live animals and was approved by the Institutional
Animal Care and Use Committee of Columbia University and Johns
Hopkins University School of Medicine.
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MAC-1, GFAP, and iNOS immunohistochemistry. These were done as
described* on cryostat-cut sections (30 pm in thickness) encompassing
the entire midbrain, and used the following primary antibodies (at the fol-
lowing dilutions): rat antibody against MAC-1 (1 :1,000 ; Serotec, Raleigh,
North Carolina), rabbit antibody against GFAP (1:1,000; Dako,
Carpinteria, California), and rabbit antibody against iINOS (1:1,000;
Transduction Laboratories, Lexington, Kentucky). The double-immunos-
taining procedure for iINOS and MAC-1 or GFAP was used as described*’
with minor modifications. Because the number of iNOS-positive cells in
the SNpc at any given time was very small, we could not use a stereologi-
cal method®®, but instead have used an assumption-based method?, fol-
lowing strict guidelines® to ensure the validity of our quantification
technique.

RNA extraction and RT-PCR for iNOS and B-actin. These were done
using methods described®, using the same pair of primers for iNOS and B-
actin, PCR conditions, and a slightly modified reaction mixture (20 pl) con-
sisting of 1 pl cDNA template, 18 pl Supermix (Life Technologies), 10 fmol
P-dCTP (specific activity, 3,000 Ci/mmol; NEN) and 4-10 pmol of each
specific primer. After amplification, the products were separated by 5%
polyacrylamide gel electrophoresis. After being dried, gels were exposed
to phosphoimager screens (BioRad, Hercules, California), and optical den-
sities were determined using a computerized image analysis system
(BioRad, Hercules, California).

Assay of iINOS catalytic activity. NANOS and iNOS catalytic activities were
assayed in midbrain samples from four mice per time point and condition,
by measuring both the calcium-dependent and calcium-independent con-
version of *H-arginine to *H-citrulline as described?*, No substantial *H-
citrulline production occurred in the absence of nicotine adenine
dinucleotide phosphate, and this represented background counts.

Measurement of striatal dopamine, DOPAC and HVA levels. High-per-
formance liquid chromatography (HPLC) with electrochemical detection
was used to measure striata! levels of dopamine, DOPAC and HVA using a
method that has been described?, with minor modifications of the mobile
phase. At 7 d after the last MPTP injection, iINOS™ mice and wild-type lit-
termates (four to six per group) were killed, and the striata were dissected
out and processed for HPLC measurement. The modified mobile phase
consisted of 0.15 M monochloroacetic acid, pH 3.0, 200 mg/l sodium
octyl sulfate, 0.1 mM EDTA, 4% acetonitrile and 2.5% tetrahydrofuran.

Measurement of striatal MPP* levels. HPLC with ultraviolet detection
(wavelength, 295 nm) was used to measure striatal MPP* levels using a
method that has been described™. Groups of iINOS™- mice and wild-type
littermates (four per time point) were killed at 90, 120, 180 and 360 min
after the fourth intraperitoneal injection of 20 mg/kg MPTP, and the striata
were dissected out and processed for HPLC measurement as described?.

INOS™ TH and Nissl staining and stereology. The total number of TH-
and Nissl-stained SNpc neurons were counted in five mice per group using
the optical fractionator method as described*; this is an unbiased method
of cell counting that is not affected by either the volume of reference
(SNpc) or the size of the counted elements (neurons)®. TH immunostain-
ing was done as described?, using an affinity-purified polyclonal antibody
against TH (1:2,000 dilution; Calbiochem, San Diego, California).

Immunoblots. Mouse brain protein extracts from selected regions were
prepared as described®. For western blot analysis, 10% SDS-PAGE and
transfer of proteins to nitrocellulose membrane were done as described®,

and blots were probed with either antibody against MAC-1 (1:1,000 dilu-

tion; Serotec, Raleigh, North Carolina), antibody against GFAP (1:2,000 di-
lution; DAKO), antibody against iINOS (1:1,000 dilution; Transduction
Laboratories, Lexington, Kentucky), or antibody against B-actin (1:5,000
dilution; Sigma). For dot-blot analyses, 100 ug of protein extracts were
loaded onto the nitrocellulose membrane, and blots were probed with an
affinity-purified polyclonal antibody against nitrotyrosine (1:1000 dilution;
a gift from H. Ischiropoulos). For all blots, bound primary antibody was de-
tected using a horseradish-conjugated antibody against 1gG (1:2,000 dilu-
tion; Amersham) and a chemiluminescent substrate (SuperSignal Ultra;
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Pierce Chemical, Rockford, Hlinois). X-ray films (Kodak BioMax MS) were
scanned on a HP-4C Scanjet and bands were quantified using NIH-Image
1.62 software. For all dot-blot analyses, optical densities were converted
into nanograms of nitrotyrosine using a standard curve generated from dif-
ferent concentrations of nitrated bovine serum albumin (a gift from H.
Ischiropoulos) corresponding to 14-350 Mg nitrated protein or 0.4-10 ng
nitrotyrosine. In preliminary experiments, we confirmed the specificity of
nitrotyrosine immunoreactivity by demonstrating that immunostaining is
abolished either by co-incubating the antibody against nitrotyrosine with
10 mM nitrotyrosine or by treating blots with 10 mM sodium hydrosulfite,
to reduce nitrotyrosine to aminotyrosine, before incubation with the pri-
mary antibody®'.

Statistical analysis. All values are expressed as the mean + s.e.m.
Differences among means were analyzed using one- or two-way ANOVA
with time, treatment or genotype as the independent factors. When
ANOVA showed significant differences, pair-wise comparisons between
means were tested by Newman-Keuls post-hoc testing. In all analysis, the

null hypothesis was rejected at the 0.05 level.
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Abstract: Mutations in a-synuclein cause a form of familial
Parkinson’s disease (PD), and wild-type a-synuclein is a
major component of the intraneuronal inclusions called
Lewy bodies, a pathological hallmark of PD. These obser-
vations suggest a pathogenic role for a-synuclein in PD.
Thus far, however, little is known about the importance of
a-synuclein in the nigral dopaminergic pathway in either
normal or pathological situations. Herein, we studied this
question by assessing the expression of synuclein-1, the
rodent homologue of human a-synuclein, in both normal
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
intoxicated mice. In normal mice, detectable levels of
synuclein mRNA and protein were seen in all brain regions
studied and especially in ventral midbrain. In the latter, there
was a dense synuclein-positive nerve fiber network, which
predominated over the substantia nigra, and only few scat-
tered synuclein-positive neurons. After a regimen of MPTP
that kills dopaminergic neurons by apoptosis, synuclein
mRNA and protein levels were increased significantly in
midbrain extracts; the time course of these changes paral-
leled that of MPTP-induced dopaminergic neurodegenera-
tion. In these MPTP-injected mice, there was also a dra-
matic increase in the number of synuclein-immunoreactive
neurons exclusively in the substantia nigra pars compacta;
all synuclein-positive neurons were tyrosine hydroxylase-
positive, but none coexpressed apoptotic features. These
data indicate that synuclein is highly expressed in the ni-
grostriatal pathway of normal mice and that it is up-regu-
lated following MPTP-induced injury. In light of the
synuclein alterations, it can be suggested that, by targeting
this protein, one may modulate MPTP neurotoxicity and,
consequently, open new therapeutic avenues for PD. Key
Words: Synuclein—MPTP—Neurodegeneration—~Parkin-
son’s disease—Substantia nigra—Dopaminergic neurons.
J. Neurochem. 74, 721-729 (2000).

Parkinson’s disease (PD) is a common disabling neu-
rodegenerative disorder that can present as both a famil-
ial and a nonfamilial (i.e., sporadic) condition (Fahn,
1988). Its cardinal clinical features include tremor, stiff-
ness, and slowness of movement, all of which are attrib-
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uted to the dramatic loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) (Fahn, 1988).
Although the actual cause of PD remains unknown, a
breakthrough on this question emerged from studies on
the small brain-specific protein a-synuclein. The first
clue linking a-synuclein to PD comes from the observa-
tion that point mutations in the a-synuclein gene cause
an autosomal dominant parkinsonian syndrome almost
indistinguishable from the prominent sporadic form of
PD (Polymeropoulos et al., 1997; Kruger et al., 1998).
The two missense mutations identified thus far result in
a single amino acid substitution in a-synuclein protein,
that is, an alanine being replaced by a hydrophobic
residue threonine, at position 53, and proline, at position
30. Since the discovery of these mutations, data have
been accumulated suggesting that both mutations may
alter a-synuclein’s normal intracellular distribution, en-
hance a-synuclein’s propensity to interact with other
intracellular proteins, and increase a-synuclein disposi-
tion to aggregate and consequently to form intraneuronal
inclusions (Conway et al., 1998; El-Agnaf et al., 1998;
Engelender et al., 1998; Giasson et al., 1999; Narhi et al.,
1999). To date, efforts to identify a-synuclein mutations
in sporadic PD have failed (Golbe, 1999). On the other
hand, in sporadic PD, a-synuclein has been demon-
strated to be a major component of the intraneuronal
inclusions, Lewy bodies (LB), which are a pathological
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hallmark of the disease (Spillantini et al., 1997, 1998).
Furthermore, oxidative stress, which is a leading patho-
genic hypothesis of sporadic PD, has been reported to
affect wild-type a-synuclein, causing the oxidatively
damaged wild-type a-synuclein to mimic some of the
abnormal behaviors of mutant a-synuclein (Hashimoto
et al.,, 1999). These observations strongly suggest that
both mutant and posttranslationally modified wild-type
a-synuclein may participate in the SNpc dopaminergic
neuron degeneration in PD, whether it is familial or
sporadic.

a-Synuclein is a small ubiquitous protein highly ex-
pressed in presynaptic structures of, apparently, all neu-
ronal pathways of the brain (Maroteaux and Scheller,
1991; Clayton and George, 1998; Lavedan, 1998). In
light of its presumed role in synaptic function,
a-synuclein has been studied especially in the brain of
various animal species during development and more
specifically during the time frame of synaptogenesis
(Withers et al., 1997; Petersen et al., 1999). In humans,
a-synuclein has also been studied intensively in brain
regions such as cerebral cortex because of the possible
role of one of its internal fragments called NAC (i.e.,
non-B-amyloid component) in the formation of plaques
in Alzheimer’s disease brains (Iwai et al., 1995, 1996;
Irizarry et al., 1996; Masliah et al., 1996). However,
although the association of mutant a-synuclein with at
least some forms of PD is well established, our knowl-
edge about the role of a-synuclein in normal or even
injured SNpc dopaminergic neurons is, to date, quite
poor. Therefore, to acquire better understanding about
the relationship between a-synuclein and SNpc dopami-
nergic neurons, we studied the expression and distribu-
tion of synuclein-1, the rodent homologue of human
a-synuclein (both referred to henceforth as a-synuclein,
except when indicated), in normal mice. We also per-
formed these investigations in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD
to explore the response of a-synuclein to an injury and
examine its contribution to the dopaminergic neurode-
generative process. We elected to use the MPTP model
because, to date, it is recognized as the best experimental
model of sporadic PD, replicating most of the biochem-
ical and pathological features seen in the clinical condi-
tion (Przedborski and Jackson-Lewis, 1998).

MATERIALS AND METHODS

Animals

Eight-week-old male C57/bl mice (22-25 g; Charles River
Breeding Laboratories, Wilmington, MA, U.S.A.) were used.
Animals were housed three per cage in a temperature-con-
trolled room under a 12-h light/12-h dark cycle with free access
to food and water. Mice used in this study were treated accord-
ing to the NIH Guidelines for the Care and Use of Laboratory
Animals and with the approval of Columbia University’s Insti-
tutional Animal Care and Use Committee.

MPTP administration
Mice were divided into two groups and received either a
chronic or an acute MPTP regimen. For the chronic regimen
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(kills dopaminergic neurons by apoptosis; see Tatton and Kish,
1997), mice received one intraperitoneal injection of MPTP-
HCI per day (30 mg/kg/day of free base; Research Biochemi-
cals, Natick, MA, U.S.A.) for 5 consecutive days and were
killed at 0, 1, 2,4, 7, 14, 21, and 42 days after the last injection;
control mice received saline injections only. Both saline- and
MPTP-treated animals were then divided into two groups. The
first group was perfused and the brains used for immunohisto-
chemistry, whereas the second group of mice were killed and
the brains quickly removed, dissected (midbrain, striatum, cer-
ebellum, and cortex), snap-frozen on dry ice, and stored at
—80°C for western blot and RT-PCR analysis. For the acute
regimen (kills dopaminergic neurons by necrosis; see Jackson-
Lewis et al., 1995), mice received on the day of the experiment
four intraperitoneal injections of MPTP-HCl (20 mg/kg) in
saline at 2-h intervals and were killed at 0, 2, 4, 7, and 21 days
after injection; control mice received saline injections only.
Both saline- and MPTP-treated animals were prepared for
immunohistochemistry and western blot analysis as described
above.

Western blot analysis

Total tissue proteins were isolated in 50 mM Tris-HCI, pH
7.0, 150 mM NaCl, 5 mM EDTA, 1% sodium dodecyl sulfate,
1% Nonidet P-40, and protease inhibitors (Mini Cocktail;
Roche Diagnostics, Indianapolis, IN, U.S.A.). Protein concen-
tration was determined using the bicinchoninic acid kit (Pierce,
Rockford, IL, U.S.A.). After boiling in 1X Laemmli buffer,
50—100 pg of protein was loaded onto 12-15% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis, transferred to
nitrocellulose or polyvinylidene difluoride membrane, and
blocked with 5% nonfat dry milk in 1X Tris-buffered saline
(TBS), 0.1% Tween 20 for 1 h. Incubation with one of the
primary antibodies was performed overnight at 4°C using
1:1,000 anti-synuclein-1 (Transduction Laboratories, Lexing-
ton, KY, U.S.A.), 1:1,000 B-synuclein (gift from Dr. S. Nakajo,
Tokyo, Japan), 1:2,000 anti-synaptophysin (gift from Dr.
Honer, Albert Einstein College of Medicine, Bronx, NY,
U.S.A)), or 1:500 anti-tyrosine hydroxylase (anti-TH; Eugene
Tech, Ridgefield Park, NJ, U.S.A.). Incubation with a second-
ary anti-mouse or anti-rabbit-conjugated horseradish peroxi-
dase antibody was performed at room temperature for 1 h. After
washing in 1X TBS, 0.1% Tween-20, blots were exposed to
Super Signal Ultra chemiluminescence (Pierce) and exposed to
Kodak B-Max film. Films were then digitized, each band was
outlined with a screen cursor driven by a hand-held mouse, and
optical densities were determined using a computerized image
analysis system (Inquiry image analyzer, Loats Associates,
Westminster, MD, U.S.A.).

Immunohistochemistry

After being anesthetized with pentobarbital (30 mg/kg i.p.),
saline- (n = 5) and MPTP-treated mice (0, 1,2, 4,7, 14,21, and
42 days after the last MPTP injection, n = 4-7 for each time
point) were perfused intracardially with 24 ml of saline fol-
lowed by 72 ml of cold 4% (wt/vol) paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS), pH 7.1. Animals were then
decapitated, and brains were removed, immersed for 72 h in the
same 4% paraformaldehyde fixative, and cryoprotected in 30%
sucrose in 0.1 M PBS for 48 h at 4°C. Brains were then frozen
on dry ice-cooled isopentane and stored at —80°C until use.
Serial coronal sections (30 pm thickness) spanning the entire
midbrain and the mid striatum were cut on a cryostat, collected
free-floating in PBS, and processed as described below.
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For all immunostaining, sections were first rinsed 3 X 5
min) with 0.1 M PBS, pH 7.4. Sections were then immersed in
a solution of 3% H,0,/10% methanol for 5 min, followed by
incubation with 5% normal horse serum (NHS) for 60 min.
Sections were then incubated with the primary antibody (anti-
synuclein-1, 1:1,000) in 0.1 M PBS, pH 7.4, containing 2%
NHS and 0.3% Triton X-100, for 48 h at 4°C on a shaker. After
rinsing in PBS, biotinylated secondary horse anti-mouse IgG
(1:200; Vector, Burlington, CA, U.S.A.) in 0.1 M PBS, pH 7.4,
containing 2% NHS was added, and the sections were incu-
bated for 60 min at room temperature. This was followed by a
final incubation in avidin/biotin peroxidase complex (Vector)
for 60 min. Visualization was performed by incubation in
3,3’-diaminobenzidine/glucose/glucose oxidase for 10 min. All
sections were then washed 3 X 5 min in PBS, mounted on 0.1%
gelatin-coated slides, dried, dehydrated in graded ethanols,
cleared in xylenes, and coverslipped. To test the specificity of
the immunostaining, control sections were processed in an
identical manner but with the primary or secondary antibody
omitted. Adjacent sections were immunostained for TH
(1:1,000; Calbiochem, San Diego, CA, U.S.A.) and counter-
stained with thionin.

To examine the colocalization of a-synuclein with TH, a
double-immunofluorescence technique was used. After wash-
ing, sections were blocked in 5% normal goat serum and NHS
in 0.1 M TBS for 1 h. Incubation with primary antibodies was
performed for 48 h at 4°C, with anti-synuclein-1 (1:200) and
anti-TH (1:500) antibodies. As the anti-TH antibody was made
in rabbit and the anti-synuclein-1 antibody was made in mouse,
we used different secondary antibodies for double labeling:
anti-rabbit IgG labeled with Texas Red, and biotinylated anti-
mouse IgG, followed by avidin D labeled with fluorescein.
Sections were examined on green, red, and double (green
+ red) filters using confocal microscopy. To colocalize
a-synuclein staining with apoptotic morphology, additional
fluorescent a-synuclein-stained sections were counterstained
with the DNA dyes TOTO-3 iodide (2 pM in the secondary
antibody solution) or Hoechst 33342 (10 wg/ml in phosphate
buffer for 45 min) (both from Molecular Probes, Eugene, OR,
US.A).

Quantitative morphology

Early and late in the course of the MPTP neurodegenerative
process, the number of a-synuclein-positive cells was minimal
or none. This rendered unreliable the use of our stereological
method (Mandir et al., 1999) because this approach requires a
minimal number of cells being “countable” by applying the
random paradigm. If the number is too small, we may miss the
rare positive cells and count no cells that may be false. Thus, if
this situation occurs, we will return to our assumption-based
method (Przedborski et al., 1996), which is not affected by the
rarity of the counted cells, following the recommendations of
the editors of the Journal of Comparative Neurology (Cogge-
shall and Lekan, 1996) on the question. We are also aware that
our conclusions regarding counted cells using this assumption-
based method should only imply whether there are significantly
more or less counted cells in the experimental cases. By ap-
plying these strict criteria, the above-cited editorial (Coggeshall
and Lekan, 1996) indicates that our assumption-based method
of cell counts is valid. In brief, counts were performed manu-
ally and blinded to the treatment received (i.e., MPTP or
saline). For each mouse (n = 4-7 per group), eight different
stereotaxic planes encompassing the entire substantia nigra and
containing the SNpc were analyzed (interaural 0.88 to 0.16
mm; Franklin and Paxinos, 1997) by scanning the entire SNpc

on both sides (light microscopy; X200). The average number of
neurons in each plane was added to provide a measure of the
total number of SNpc a-synuclein-positive neurons for each
animal and then divided by the number of counted sections to
provide the number of a-synuclein-positive cells per section.

RNA extraction and RT-PCR

Total RNA was extracted from midbrain, striatal, and cere-
bellar samples from saline- and chronic MPTP-treated animals
(at 0, 4, 7, 21, and 42 days after last MPTP injection, n = 5 for
each time point) using a Qiagen RNA isolation kit (Qiagen,
Valencia, CA, U.S.A.). The yield and quality of the RNA were
determined 